We previously reported that one of the brassinosteroidinsensitive mutants, bri1-9, showed increased cold tolerance compared with both wild type and BRI1-overexpressing transgenic plants, despite its severe growth retardation. This increased tolerance in bri1-9 resulted from the constitutively high expression of stress-inducible genes under normal conditions. In this report, we focused on the genes encoding class III plant peroxidases (AtPrxs) because we found that, compared with wild type, bri1-9 plants contain higher levels of reactive oxygen species (ROS) that are not involved with the activation of NADPH oxidase and show an increased level of expression of a subset of genes encoding class III plant peroxidases. Treatment with a peroxidase inhibitor, salicylhydroxamic acid (SHAM), led to the reduction of cold resistance in bri1-9. Among 73 genes that encode AtPrxs in Arabidopsis, we selected four (AtPrx1, AtPrx22, AtPrx39, and AtPrx69) for further functional analyses in response to cold temperatures. T-DNA insertional knockout mutants showed increased sensitivity to cold stress as measured by leaf damage and ion leakage. In contrast, the overexpression of AtPrx22, AtPrx39, and AtPrx69 increased cold tolerance in the BRI1-GFP plants. Taken together, these results indicate that the appropriate expression of a particular subset of AtPrx genes and the resulting higher levels of ROS production are required for the cold tolerance.
INTRODUCTION
As an alternative to physical escape, plants adjust to extreme environments via metabolic and developmental modifications. In these instances, plants may utilize various signaling events that link the perception of environmental stress to the modulation of stress-inducible genes. Environmental stresses are often complex; plants typically experience multiple environmental stresses simultaneously, such as cold combined with high light or salinity combined with water deficiency. Therefore, while a subset of stress-inducible genes show specific expression in response to a certain stress, others show similar patterns of expression in response to different types of stresses, resulting in common downstream events involving signaling cascades that lead to the increased production or accumulation of ROS or the activation of mitogen-activated protein kinases.
ROS, including the hydroperoxyl radical, superoxide anion, hydrogen peroxide (H 2 O 2 ), and the hydroxyl radical, are unavoidably generated during any metabolic process that disrupts the electron transport chain (Apel and Hert, 2004; Møller et al., 2007) . Because ROS are highly reactive oxidants of cellular components, including amino acids, lipids, and DNA, and cause widespread damage in plants and animals, they are considered to be toxic (Møller et al., 2007) . However, many reports indicate that living organisms seem to react differently to ROS in a dose-dependent manner. A redox-dependent signaling pathway regulates cyclinD1 expression to control the induction of cell division in animal systems (Burch and Heintz, 2005) . Low levels of H 2 O 2 have also been reported to regulate cell cycle progression (Reichheld et al., 1999) or to function during the onset of secondary cell wall differentiation in plants (Potikha et al., 1999; Schopfer et al., 2002) . In addition, numerous reports have provided evidence that oxidative ROS bursts are common phenomena under biotic and abiotic stresses. The slight alteration in intracellular ROS levels that occurs following exposure to various stresses often triggers the signaling cascade leading to increased tolerance to a specific stress. Plants overexpressing RCI3, which is a cold-inducible gene encoding an active cationic peroxidase, showed increased tolerances to dehydration and salt (Llorente et al., 2002) . Genes that are induced by H 2 O 2 , such as OXI1 and AtNDPK2, have been shown to play important roles in the activation of MPK3 and MPK6 (Moon et al., 2003; Rentel et al., 2004) , which act as crucial links in the MAPK cascade during ROS signaling (Teige et al, 2004; Xing et al., 2008; Yuasa et al., 2001) . A transgenic poplar plant overexpressing AtNDPK2 under the control of an oxidative stress-inducible promoter was recently reported to have a higher tolerance to oxidative stress conditions due to the enhanced activities of various antioxidant enzymes (Kim et al., 2011) . Therefore, the fine tuning of the ROS steady-state levels between generations and the scavenging of these ROS is critical for multiple cellular processes. Plants have developed efficient antioxidant systems to handle the excessive accumulation of ROS. The formation of the most toxic ROS, the hydroxyl radical is prevented by the action of superoxide dismutase, which converts superoxide to hydrogen peroxide. Although it is less toxic than superoxide, the resulting hydrogen peroxide (H 2 O 2 ), a relatively long-lived ROS, should also be eliminated (Mittler et al., 2004; Møller and Sweetlove, 2010) .
Peroxidases are a large family of enzymes that play critical roles in the detoxification of H 2 O 2 (Tognolli et al., 2002; Valério et al., 2004) . There are three different classes of peroxidases containing a heme group (Edward et al., 1993; Smulevich et al., 2006) . The intracellular class I consists of ascorbate peroxidases, cytochrome c peroxidases, and catalase-peroxidase, which are found in intracellular organelles, including the chloroplast, peroxisome, and mitochondria. Because class I peroxidases are found in most living organisms, the other two classes are thought to have originated from them. The class II peroxidases, including manganese peroxidase, lignin peroxidase, and versatile peroxidase are mainly found in fungi. All land plants possess multigene families of class III peroxidases that are usually secreted into the apoplastic space, where they catalyze the reduction of hydrogen peroxide with various electron donors, including phenolic compounds, lignin precursors, and various secondary metabolites (Cosio and Dunand, 2009 ). In Arabidopsis, 73 genes encoding class III peroxidases have been reported. Most of these genes (66 out of 73) are expressed in 6-week-old plants (Valério et al., 2004) , while the others are likely to be expressed in specific stress conditions or developmental stages (Irshad et al., 2008; Swanson et al., 2005) .
Brassinosteroids (BR) are well-known plant hormones that promote various aspects of plant growth and development. The binding of BR to the plasma membrane-localized receptor brassinosteroid-Insensitive 1 (BRI1) triggers the BR signaling cascade. Therefore, mutant alleles that are defective in BRI1 display severely growth-inhibited dwarf phenotypes, whereas BRI1-overexpressing transgenic plants appear as constitutive BR-treated phenotypes with longer and narrower growth in their leaves and petioles (Kinoshita et al., 2005; Li and Chory, 1997) . In addition to their roles in plant growth, BRs are thought to confer tolerance to a variety of environmental stresses. Pretreatment with 24-epibrassinolide (EBR) resulted in increased heat shock protein synthesis following heat stress (Dhaubhadel et al., 2002) , the prevention of chlorophyll loss in cold-stressed plants (He et al., 1991) , and the enhancement of photosynthesis in chilled plants (Yu et al., 2002) . However, the mechanisms underlying the regulation of stress tolerance by exogenous treatment with EBR have not been elucidated.
We previously reported that although overall growth was greatly inhibited in bri1-9 mutants, the leaves were not damaged by cold stress and the plant showed much higher cold tolerances than wild type. In contrast, BRI1-overexpressing transgenic plants that had been transformed with a BRI1-GFP construct showed more elongated petioles and leaves than the wild type plants and were the least tolerant of the same stress conditions. We found that this phenomenon was partly attributable to the constitutive activation of not only the stress-inducible genes but also the genes encoding the transcription factors that are responsible for stress-inducible gene expression in bri1-9 even in normal conditions (Kim et al., 2010) . In this report, we further focused on a group of genes, specifically peroxidases that are involved in ROS metabolism, and investigated their functional relationships with cold stress in bri1-9 and BRI1-GFP plants compared with wild type.
MATERIALS AND METHODS

Plant materials and growth conditions
Arabidopsis thaliana Columbia-0 (Col-0) was used as the wild type, and bri1-9 mutant and BRI1-GFP transgenic plants from the same ecotype background were also used. T-DNA insertional AtPrx knock-out lines for this study (atprx1: SALK_ 060130, atprx22: SALK_144487, atprx39: SALK_096147, and atprx69: SALK_137991) were obtained from the ABRC stock center. For the observation of gross morphologies, seeds were sown directly onto Sunshine #5 soil. Otherwise, they were sterilized with 75% ethanol containing 0.05% Tween-20 for 15 min, and then washed twice with 95% ethanol, and germinated in a 1/2 MS (Duchefa) plate containing 0.8% PhytoAgar. All plants were grown at 22°C under long-day conditions (16 h L/8 h D).
Cold treatment, leaf damage, and ion leakage measurements The seedlings were grown on plates containing 1/2 MS for 10 days and then exposed to a temperature of 4°C in a growth chamber. To investigate the effects of SHAM treatment, seedlings were grown on 1/2 MS plates containing 100 µM SHAM (Sigma-Aldrich) for 10 days. To measure electrolyte leakage, we first measured the electrical conductivities (EC1) of the 10 seedlings from each line that had been treated with or without cold after incubating them in 10 ml distilled deionized water at room temperature for 2 h. Using a conductivity meter (SevenGo proTM conductivity meter SG3, Mettler Toledo), electrical conductivities (EC2) were measured again of the samples after autoclaving to release all electrolytes and cooling to room temperature. The ratio of initial electrolyte leakage to 100% electrolyte leakage was calculated using the following formula: [(EC1/EC2) × 100] (Kim et al., 2010) . To determine the ratio of cold-damaged leaves, cold-treated plates were transferred back to normal conditions and grown for an additional 2 days. The numbers of total leaves and damaged leaves were counted for all seedlings, and the proportion was calculated. Experiments were repeated three times and showed similar results.
Determination of H 2 O 2 concentrations
To visualize H 2 O 2 concentrations, the seedlings grown for 10 days under normal conditions and then treated with or without cold were incubated in a staining solution containing 1 mg/ml diaminobenzidine (DAB, Sigma D-8001) for 5 to 8 h at 25°C. The stained seedlings were boiled in 96% EtOH for 10 min, and cooled to room temperature. To measure the H 2 O 2 level quantitatively, we used the Amplex Red Peroxidase/H 2 O 2 Assay Kit (Invitrogen). To serve as H 2 O 2 -containing biological sources, crude extracts were obtained from the 10-day-old seedlings in extraction buffer [50 mM sodium phosphate pH 7.4, 100 mM NaCl, 1 mM EDTA, protease inhibitor cocktail (Roche)]. Reaction mixtures containing horseradish peroxidase (HRP, 0.2 U/ ml) were made according to the manufacturer's protocol. After incubation for 30 min. at room temperature, absorbances were detected at a wavelength of 571 nm using a spectrophotometer (Bekman Coulter DU730).
Determination of DNA damage
Total DNA was isolated from 10-day-old seedlings treated with or without cold for 6 h using the DNeasy Plant Mini Kit (Qiagen).
The formation of 8-hydroxydeoxyguanosine (8-OHdG) was detected by an anti-8-OHdG monoclonal antibody followed by an HRP-conjugated secondary antibody using the OxiSelect™ Oxidative DNA Damage ELISA Kit (CELL BIOLABS). Absorbance was measured at a wavelength of 450 nm as per the manufacturer's recommendations.
Semi-quantitative RT-PCR analyses
The RNA samples purified from the seedlings grown for 10 days were treated with RNase-free RQ1 DNase (Promega) and used for first-strand cDNA synthesis with the Superscript III -MMLV reverse transcriptase (Invitrogen) using oligo d(T 15 ) as the primer. Second-strand synthesis was performed using the same aliquot of first-strand cDNA as the template. The expression of each gene was normalized to β-Tubulin. All of the primer sequences that were used in this study are indicated in Supplementary Table 1 .
Generation of transgenic plants
To generate the 35S-CaMV constitutive promoter-driven overexpression constructs of AtPrx1, AtPrx22, and AtPrx69, openreading frames of each AtPrx were amplified by PCR using wild-type genomic DNA as a template and inserted into pCHF1 vectors. All of the resulting constructs were transformed into the BRI1-GFP transgenic plants by floral dipping methods through the transformation of Agrobacterium tumefaciens (GV3101). Twenty to thirty transgenic plants transformed with each AtPrx constructs were selected using gentamycin (50 μg/ml) in the T1 generation. We then selected the transgenic plants containing a single-copy of the transgene in the T2 generation. Three, four, and five independent homozygous lines were obtained from AtPrx1OE, AtPrx22OE and AtPrx69OE transgenic plants, respectively, in the T3 generation.
Microarray analysis
Microarray construction was previously performed as described with details in Kim et al. (2010) using the Arabidopsis thaliana ESTs obtained from the KAZUSA DNA Research Institute (Japan, http://www.kazusa.or.jp). Total RNA from 10-day-old Arabidopsis seedlings was labeled using a 3 DNA Array 50 kit (Genisphere, USA). Following the hybridization, arrays were scanned using a ScanArray Lite (GSI Lumonics, USA) in both Cy3 and Cy5 channels. Four replicates were analyzed.
RESULTS
Cold-resistant bri1-9 plants contain higher levels of ROS The opposite responses to low temperature in bri1-9 and BRI1-GFP plants were always observed in our conditions, with higher tolerance in bri1-9 and reduced tolerance in BRI1-GFP compared with wild type (Fig. 1A) , as we previously showed (Kim et al., 2010) . We predicted that the increases in leaf damage and ion leakage that were observed in BRI1-GFP plants following the cold treatment were indicators of unbalanced ROS production and subsequent oxidative stress. This hypothesis was supported by DAB-staining analyses, in which the bri1-9 mutant showed darker brownish-staining patterns than the wild type under normal conditions, indicating that higher levels of ROS were accumulated (Fig. 1B) . Therefore, we directly measured the levels of hydrogen peroxide and observed that bri1-9 plants contained higher concentrations of endogenous H 2 O 2 than the wild type and BRI1-GFP plants and that cold treatment caused increases in the H 2 O 2 concentrations of 40% in the wild type and bri1-9 plants and 10% in the BRI1-GFP plants (Fig. 1C) .
The formation of 8-hydroxydeoxyguanosine (8-OHdG), a ubiquitous marker of oxidative damage of DNA bases (Møller et al., 2007) , was detected more frequently in bri1-9 plants than in wild type plants at basal conditions. Cold treatment induced the increased formation of 8-OHdG to a lesser degree in bri1-9 plants than in wild type (Fig. 1D) . These results indicated that bri1-9 plants contain higher levels of ROS in normal and coldstressed conditions.
To examine whether the higher ROS production in bri1-9 was occurred via the NADPH oxidase complex, we analyzed the expression of AtrbohD and AtrbohF genes, which encode catalytic subunits of NADPH oxidase (Torres et al., 2002) . We observed that the expression levels of AtrbohD and AtrbohF in bri1-9 were similar to those of wild type and BRI1-GFP plants in normal conditions. In cold-stressed, the expression level of AtrbohD was not changed in bri1-9 and BRI1-GFP plants, though it was slightly increased in wild type. The expression level of AtrbohF was reduced in bri1-9 and BRI1-GFP plants compared with that of wild type (Fig. 1E ). This result implied that higher levels of ROS in bri1-9 were produced by sources other than the NADPH oxidase complex. ROS are known to act as versatile signaling molecules that are generated under various stress conditions and affect plant growth and development in a dose-dependent manner. Therefore, our results suggest two possibilities, namely that higher basal levels of ROS in bri1-9 may be beneficial for coping with cold stress by inducing subsequent signaling or that bri1-9 has unique mechanisms to rapidly detoxify ROS.
Genes encoding class III plant peroxidases are more highly expressed in bri1-9 plants To investigate the relationship between the increased accumulation of ROS and the higher cold tolerance of bri1-9, we analyzed the previous bri1-9 and BRI1-GFP transgenic plants microarray data and compared the data with those of wild type to evaluate the expression of genes, including those encoding peroxidase, catalase, superoxide dismutase, and thioredoxin. In this filtering process, we disregarded the two-fold cut off criterion, because more than 80% of BR-responsive genes are known to be transcriptionally regulated by less than two-fold upon BL treatment (Vert et al., 2005) . Most of the genes related to ROSmetabolism showed less than two-fold fluctuation in bri1-9 and BRI1-GFP plants compared with those of wild type. Among 12,544 cDNA clones from the Arabidopsis library (Kim et al., 2010) , 129 spots containing ROS-related cDNAs were differentially regulated in the bri1-9 and BRI1-GFP transgenic plants compared with the wild type. There were many different spots containing the same cDNA that showed similar trends in gene expression, indicating the consistency of the microarray analysis. From this analysis, we could summarize thirty-nine genes encoding peroxidases, three superoxide dismutase genes, nine glutathione S-transferase, and eighteen thioredoxin genes. The thirty-nine genes encoding peroxidases could be divided into three groups: ascorbate peroxidase (five genes), glutathione peroxidase (four genes), and peroxidases that belonged to the secreted class III peroxidases (thirty genes) ( Table 1) . Twentyeight out of the thirty genes encoding the class III peroxidases were up-regulated in bri1-9 compared with wild type, and interestingly, more than half of these genes (15 genes) were oppositely down-regulated in the BRI1-GFP transgenic plants.
Peroxidase inhibitor, SHAM, reduced cold resistance of bri1-9 mutant If the appropriate expression of a particular subset of AtPrx A B
C D E genes and the resulting higher levels of ROS production are pre-requisites for the resistance to cold phenotype, we predicted that the cold response would be altered by the inactivation of peroxidases. We used a salicylhydroxamic acid (SHAM), a pharmacological inhibitor of peroxidase (Brouwer et al., 1986) , to examine whether the cold response would be altered by the inactivation of peroxidases. We first grew the wild type and bri1-9 on SHAM-containing 1/2 MS media for 10 days. Following cold treatment, we observed more damaged leaves in the SHAMtreated seedlings. Even in the bri1-9, we clearly observed the bleached whitish leaves in the SHAM-and cold-treated seedlings ( Fig. 2A ). When combined with cold, treatment with SHAM also enhanced cold-induced ion leakage both in wild type and bri1-9 (Fig. 2B ). In addition, we observed pale green leaves, particularly in bri1-9, during the growth period with SHAM treatment. Because of this observation, we measured seedling chlorophyll contents. The chlorophyll content of bri1-9 under normal condition was much higher than that of wild type. Treatment with either cold or SHAM greatly reduced the chlorophyll content, and combined treatment led to the additive reduction of chlorophyll in bri1-9, to levels close to those of wild type subjected to the same treatment (Fig. 2C) . These results suggest that bri1-9 plants lose their cold tolerance via the inactivation of peroxidase activity.
Overexpression of certain AtPrx genes increases cold tolerance in BRI1-GFP plants To identify the AtPrx genes involved in the response to cold, we screened the specific AtPrx genes shown in Table 1 based on the following categories: opposite expression patterns; higher expression levels in bri1-9 and lower expression in BRI1-GFP plants compared with wild type; and more than 0.5 difference of two-fold cut-off value. We also considered the availability of T-DNA insertional knock-out lines for each gene. We finally chose four AtPrx genes (AtPrx1, AtPrx22, AtPrx39, and AtPrx69). First, to verify the results from the microarray analysis, we performed RT-PCR using RNA from wild type, bri1-9 and BRI1-GFP plants.
Consistent with the microarray data, the expression levels of AtPrx22, AtPrx39 and AtPrx69 in bri1-9 plants were higher than those in wild type plants. The expressions levels of these AtPrxs in BRI1-GFP plants were slightly reduced compared with those in the wild type. However, AtPrx1 showed an opposite expres-A B C Fig. 2 . Cold-resistant phenotypes of bri1-9 mutants were reduced by treatment with SHAM, a peroxidase inhibitor. (A) Effects of SHAM combined with cold on the ratio of damaged leaves in bri1-9 compared with that of the wild type. The unpaired t-test was performed for the corresponding line without cold (*P = 0.0034). (B, C) Measurement of ion leakage and chlorophyll content from the bri1-9 and wild type seedlings treated with cold, SHAM, or both. Bar denotes the standard error. The unpaired t-test was performed and obtained two-tailed P values as follows: *P = 0.02, **P = 0.008, ***P = 0.22, ****P = 0.01.
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sion pattern in the microarray and RT-PCR analyses (Supplementary Fig. 1 ). We obtained the homozygous mutant of each gene (Fig. 3A) . When investigating the gross morphologies of each knock-out AtPrx mutant, we could not detect significant phenotypic changes in the aerial parts during the entire growth period ( Supplementary Fig. 2A ). The hydrogen peroxide concentrations, which were measured from 10-day-old whole seedlings of each atprx mutant, showed that there were no significant differences in the H 2 O 2 levels compared with those of wild type ( Supplementary Fig. 2B ). These results are likely attributable to the functional redundancy of the AtPrx genes; here the lack of any single AtPrx gene did not seem to affect normal developmental processes. However, following cold treatment for 24 h, a greater number of leaves in the knock-out mutants remained bleached and wilted. The damaged leaf ratios and ion leakages in the mutants were greater in the knock-out plants compared with the wild type (Figs. 3B and 3C ). We further examined whether the constitutive overexpression of these genes would increase the tolerances of the least coldtolerant BRI1-GFP transgenic plants. We cloned full-length ANOVA statistical analyses were performed, and significant differences are indicated by P values (*P ≤ 0.6 for damaged leaves, **P ≤ 0.3 for ion leakage). Bar denotes standard deviation. AtPrx1, AtPrx22, and AtPrx69 cDNAs into binary vectors driven by the 35S-CaMV constitutive promoter and generated transgenic BRI-GFP to overexpress them (Fig. 4A) . None of these AtPrx genes affected the overall growth of the BRI1-GFP plants when they were expressed at high levels. We then performed the DAB staining analysis to determine whether the overexpression of certain AtPrxs would cause accumulation of ROS in the transgenic plants. Under normal conditions, the intensity of DAB-staining in the transgenic seedlings was not significantly different from that of un-transformed BRI1-GFP (Supplementary Fig. 3 ). To further explore the cold response, we exposed BRI1-GFP plants overexpressing AtPrx genes to cold and monitored the presence of leaf damage and ion leakage (Fig.  4B) . The BRI1-GFP plants that had been transformed with AtPrx22 and AtPrx69 showed clear reductions in leaf damage. The overexpression of AtPrx genes in BRI1-GFP also reduced ion leakage to levels that were comparable to those of the wild type. These results suggest that cold sensitive BRI1-GFP plants acquired the capacity to cope with cold stress due to the overexpression of subsets of AtPrx genes. The overexpression of AtPrx69 conferred the highest tolerance to the BRI1-GFP plants.
DISCUSSION
Recently, extensive analyses of physiological and molecular regulation in response to various environmental stresses in plants have elucidated the manner in which plants merge and coordinate their needs for basal growth and abiotic stress responses during times of acute stress. Considering that ROS play roles in the positive and/or negative regulation of cellular functions in plants, plants may use ROS to balance their growth and stress responses during times of stress (Swanson and Gilroy, 2010) . In this context, our initial findings that higher levels of ROS accumulation and the increased expression of the genes encoding ROS-metabolizing enzymes occurred simultaneously in bri1-9 mutant were very interesting ( Fig. 1 and Table  1 ). Because bri1-9 exhibited a cold-resistant phenotype (Fig. 1) and the knock-out mutants for a subset of class III peroxidases, whose expressions are up-regulated in bri1-9 compared with wild type plants, were more susceptible to cold stress (Fig. 3) , it can be inferred that greater accumulation of ROS due to the peroxidase activities in bri1-9 is significant with regard to the higher tolerance of bri1-9 to cold stress. This notion was further confirmed by two findings: ROS production in bri1-9 did not seem to occur through the activation of the NADPH complex (Fig. 1E ) and the inhibition of peroxidase activity by the pharmacological inhibitor SHAM resulted in decreased cold tolerance in bri1-9 (Fig. 2) .
BR affect ROS production and ROS-mediated abiotic stress responses Overall, our results indicated that a BR signaling defective mutant, bri1-9, showed a higher tolerance to cold stress, despite its severely retarded growth. A similar growth-retarded mutant caused by the failure of active BR biosynthesis, det2, was reported to have higher endogenous SOD activity than the wild type and exhibited a higher tolerance to oxidative stress (Cao et al., 2005) . Together with these results and considering that endogenous BR accumulate in BR-signaling mutants (Noguchi et al., 1999) , our data indicate that tolerance to abiotic stress seems to be determined by a combination of complex cellular responses rather than by absolute levels of BR.
However, there have been many reports regarding the effects of BR on ROS-mediated cellular responses and ROSinduced oxidative stress, although the results are somewhat contradictory. The exogenous application of 24-epiBL to a saltsensitive rice variety resulted in an increased tolerance to the subsequent salt stress and enhanced catalase (CAT), superoxide dismutase (SOD), and glutathione reductase (GR) activities (Özdemir et al., 2004) . Water-stressed maize seedlings that had been treated with 24-epiBL showed an increase in the SOD, CAT, and ascorbate peroxidase (APX) activities (Li et al., 1998) . In contrast, reductions in Prx and APX activities were reported in osmotically-stressed sorghum following BR treatment (Vardhini and Rao, 2003) . Although the effects of exogenous BR treatment were not always consistent with the activities of ROS-metabolic enzymes, ROS production is enhanced by BR in other ways. In cucumber plants, the increased expression of the RBOH gene and the accompanying increase in NADPH oxidase activity were detected in seedlings that had been treated with 24-epiBL. The BR-induced elevation of H 2 O 2 accumulation led to tolerance of photo-oxidative damage and cold stress and resistance to the cucumber mosaic virus (Xia et al., 2009) .
A subset of genes encoding class III peroxidases, including AtPrx1, AtPrx22, AtPrx39, and AtPrx69, plays a role in cold response Class III peroxidases are secreted into the apoplastic space; one of the first symptom of stress is disintegration of cell shape.
Therefore, apoplastic peroxidases play a critical role in the production of ROS that act on the peroxidative cross-linking of the cell wall, conferring rigidity to stressed-plants so that they can maintain cellular integrity as a first line of defense. However, few reports have exclusively investigated the distinct functions of the individual genes that encode the proteins that are involved in ROS metabolism. We identified twenty-eight genes that encode the class III peroxidases that were up-regulated in bri1-9 plants compared with wild type plants via microarray analysis (Table 1) and also observed higher levels of ROS accumulation in bri1-9. However, when we directly measured the activity of peroxidase in bri1-9 and BRI1-GFP plants compared with that of the wild type, we did not detect increased or decreased peroxidase activities in the bri1-9 or BRI1-GFP plants respectively (data not shown). Because the peroxidase activity assay used high concentration of H 2 O 2 as a substrate in a reaction mixture to determine the degree of detoxification of H 2 O 2, it may be possible that in vitro peroxidase activity might not represent a specific peroxidase activity or reflect the relevant physiological conditions.
To confirm the microarray data, we performed RT-PCR analyses to investigate the expression of the AtPrx genes that were selected for further investigation using different batches of RNAs. We found that the expression pattern of AtPrx1 was not correlated with the previous result from microarray analysis. However, as the cold-inducible expression pattern of AtPrx was evident and its knock-out mutant was available, we decided to include AtPrx1 together with AtPrx22, AtPrx39 and AtPrx69 for further experiments. The AtPrx1, AtPrx22, AtPrx39, and AtPrx69 genes had been previously identified only by large-scale microarrays or proteomics studies and were included among thousands of genes. AtPrx22 was identified as a protein induced by potassium deficiency (Kang et al., 2004) . AtPrx69 was known to be induced by Pseudomonas syringae infection (Mohr and Cahill, 2007) and deficiencies of various ions, such as phosphate, sulfur, and aluminum (Hammond et al., 2003; Kumari et al., 2008; Nikiforova et al., 2003) . Although a variety of physiological roles for AtPrxs have been reported (Cosio and Dunand, 2009; Tognolli et al., 2002; Valério et al., 2004) , the identification of unique functions of individual AtPrx has been difficult due to the presence of many homologous AtPrx genes. Their functional redundancies can mask the effects of a single-gene knock-out, as was shown by the shoot growth and whole cellular concentrations of H 2 O 2 (Supplementary Fig. 2 ). Few studies have reported specific functions of individual AtPrx gene. Recently, AtPrx39 was shown to be expressed only in the transition zone of the root, affecting root development (Tsukagoshi et al., 2010) . In this study, we also provided evidences to support the observation that the homozygous mutants of atprx1, atprx22, atprx39, and atprx69 exhibited noticeable changes only when exposed to cold (Fig. 3) , although the growth pattern and total H 2 O 2 content of each mutant were not changed. Generation of multiple knock-out mutants with different combination of single atprx mutant will help us realize the distinctive or combinatorial functions contributed by each AtPrx gene.
Manipulation of certain
AtPrx genes provides a way to generate plants with better tolerance to various stresses without sacrificing growth Compared with microarray analyses of plants in various environmental conditions, few reports have been published describing transgenic approaches to identify the functions of specific peroxidases because alterations in single-gene expression may be masked, resulting in a lack of visual phenotypic alterations.
The physiological substrates of specific peroxidases may also be limiting factors, although they can react to various plant compounds in vitro (Cosio and Dunand, 2009) . In a few cases, the overexpression of AtPrx62 in wild type plant led to an increase in the resistance to Botrytis cinerea of over 80% (Chassot et al., 2007) , similar to AtPrx21 and Atprx71. The expression of AtPrx62 and AtPrx71 was induced by phosphate starvation (Hammond et al., 2003) and low oxygen concentrations (Klok et al., 2002) . These results suggest that the manipulation of the expression of a certain group of AtPrx genes may provide practical tools for the development of plants with increased stress tolerance. Here, we showed that the overexpression of AtPrx22 and AtPrx69 in BRI1-GFP plants clearly improved cold tolerance (Fig. 4) . In addition to showing less damaged leaf morphologies and reduced ion leakage following the cold treatment, the BRI1-GFP transgenic plants overexpressing these AtPrx genes did not display growth inhibition compared with the un-transformed BRI1-GFP plants. This observation may be critical when considering the agricultural improvement of crop plants. The naturally constitutive freezing-tolerant mutant eskimo1 (esk1) has been shown to exhibit growth retardation (Xin and Browse, 1998) . Additionally, many studies have reported that transgenic plants overexpressing CBF/DREB1 genes acquire cold tolerance compared with untransformed plants. The overexpression of the CBF/DREB1 genes resulted in increased freezing tolerances in non-acclimated plants, accompanied by the constitutive overexpression of downstream Cor genes and increased proline and soluble sugar concentrations (Gilmore et al., 2000; Kasuga et al., 1999; Liu et al., 1998) . However, the growth of these transgenic plants was severely retarded. Moreover, feedback repression among the CBF/DREB1 genes was also reported. In the cbf2-null mutant, the increased expression of CBF1 and CBF3 were observed (Novillo et al., 2004) , while in the ice1 mutant, the expression levels of CBF3 and CBF2 showed opposite trends (Chinnusamy et al., 2003) . The expression levels of CBF/DREB1 genes were also affected by the upstream transcription factor MYB15, which is a negative regulator of CBFs (Agarwal et al., 2006) . Therefore, the manipulation of CBF regulons can induce pleiotropic effects in an attempt to control a specific stress. In comparison, the modulation of a subset of AtPrx genes showed improved cold tolerance without growth inhibition.
Note: Supplementary information is available on the Molecules and Cells website (www.molcells.org).
